The five major components of the monomeric haemoglobin from Glycera dibranchiata were separated and characterized by absorption spectroscopy, isoelectric focusing, azide-binding affinities and nitrosyl autoreduction kinetics. The differences found among the components are discussed in terms of haem-pocket variations. In addition, the Fourier-transform i.r. spectra of pooled monomeric haemoglobin carbonyl (HbmCO) 
INTRODUCTION
A Cotton effect in c.d. is observed at an absorption frequency if displacement of electronic charge has a rotational as well as a linear component (Beychok, 1966) . Cotton effects in haem proteins are of particular interest with regard to the sign and magnitude of c.d. bands since information about the haem-binding site is reflected in the dichroic band (Hsu & Woody, 1971) .
The haemoglobin of the marine invertebrate Glycera dibranchiata includes both polymeric and monomeric components (Vinogradov et al., 1970) , the latter being polydisperse with respect to cation-exchange chromatography. The medium-resolution crystal structure (Padlan & Love, 1974) of the major monomeric component reveals the alteration E7 His-+Leu in comparison with most other haemoglobins and with myoglobins. Substitution of this functionally significant E7 distal residue by a residue with a hydrocarbon side chain is unusual and thus Hbm is of considerable interest.
As early as 1973, differences in the signs of c.d. bands were reported between the haem protein of G. dibranchiata and other haem proteins, that of G. dibranchiata having a pronounced negative Soret dichroism (Harrington et al., 1973) . This dichroic band may be assigned to porphyrin ff7r* transitions coupled with nr-ir* transitions of the globin aromatic side chains (Hsu & Woody, 1971) .
The PPIXFe moiety may assume two orientations within the active site of a protein, thus producing conformers that differ by 1800 rotation about the a-y axis of the haem plane. Several haem proteins, including native myoglobin, have been shown to exist in two such conformations, which are distinguishable by n.m.r. (LaMar et al., 1978) .
During the pursuit of this work, the c.d. studies of three of the components of G. dibranchiata were reported, with two groups concluding that 'a reversed haem orientation corresponds to a reversed-in sign-dichroic band in the Soret region' (Santucci et al., 1988) . Invocation of haem geometric effects on the sign of c.d. bands reflects the conclusion of earlier studies on lamprey haemoglobin, which showed ligand-induced reversal of the Soret c.d. band (Lampe et al., 1972) . Still another group concluded that for reversed orientation in spermwhale myoglobin there appears to be almost complete cancellation of the rotational strengths arising from interactions between 7T--w* transitions of the haem group and aromatic amino acid residues (Light et al., 1987) .
Free PPIXFe(II)L2 in solution has the haem plane as the only symmetry element (apart from E; LaMar & Walker-Jensen, 1979) . Thus, when the axial co-ordination sites are inequivalently occupied, these species are racemic. Upon non-random incorporation into a globin, PPIXFe(II) will exist in an enantiomeric excess apoMb and apoHbm and the study of their resultant c.d. properties should provide a better understanding of the origin of dichroic peaks and provide insight into the above observations.
MATERIALS AND METHODS
Live Glycera dibranchiata were obtained from Woods Hole Marine Biological Laboratory. Erythrocytes were washed three times at 4°C with 0.15 M-Na2SO4/ 10 mM-EDTA and lysed with distilled water, after which the cell ghosts were centrifuged down. The heavy (oligomeric) and light (monomeric) haemoglobin components were separated by chromatography on Sephadex G-75. The buffer used throughout was pH 7 phosphate buffer (1 mM-EDTA/0.1 M-potassium phosphate buffer, pH 7 and I 0.2) unless otherwise indicated.
Myoglobin was Sigma Chemical Co. type III (horse), purified by passage over Sephadex G-75.
meso-Tetra-(p-carboxyphenyl)porphine was generously given by Dr. Frederick R. Longo. Iron incorporation was achieved by a previously published method (Dorough et al., 1951) . The metalloporphyrin was recrystallized from HCl solution, washed with deionized water and dried for several days in vacuum over solid KOH. It should be noted that solutions of the Fe(II)CO form of this porphyrin oxidize more readily at pH 7 than do similar solutions of PPIXFe(II)CO. This is reasonable considering the added anionic charge.
Ethyl methyl ketone (Aldrich Chemical Co.) was purified by shaking it with an acidic solution of KMnO4, and then distilling it from an aqueous NaHCO3 solution. NaH3 was Aldrich Chemical Co. reagent grade purified by recrystallization from ethanol. Haemin ApoHbm was prepared by using a modified version of the ethyl methyl ketone procedure first described by Teale (1959 (Antonini & Brunori, 1971) , giving e 181 (± 5) mm-' cm-' in pH 7 phosphate buffer.
Isoelectric focusing was performed on a Bio-Rad Laboratories model 1405 horizontal-bed cell, with the use of precast gels (LKB Ampholine PagPlates) with a pH range of 3.5-9.5. These experiments were performed at 10°C with a linear power increase from 4 W to 15 W over 60 min. Before application on the gel, the protein samples were dialysed against 10 mM-glycine, pH 7. The gels were stained by a modified version of the method of Merrill et al. (1981) , which employed decreased AgNO3 concentration and increased number of aqueous washings, resulting in decreased background and higher resolution.
U.v.-visible spectra and kinetic data were recorded on a Perkin-Elmer Lambda-3B spectrophotometer thermostatically controlled to + 1 'C. The nitrosyl kinetic data were collected at 393 nm, as this spectrophotometer caused some photoenhancement (Addison & Stephanos, 1986) at longer wavelengths. Fourier-transform i.r. measurements were made with a Perkin-Elmer model 1800 Fourier-transform i.r. spectrophotometer coupled with a PE series 7000 computer. Spectra of the carbonyl adducts of Hbm were the sums of 300-500 interferograms from which were subtracted an equivalent number of scans of equally concentrated Hbm(III)(OH2). A CaF2 cell with a path-length of 0.1 mm was used and the temperature was maintained at 25 'C.
Fluorescence spectra were obtained on a Perkin-Elmer 204A fluorescence spectrophotometer, and c.d. spectra were obtained on a Jasco J41 C instrument, calibrated with ammonium (+ )-camphor-10-sulphonate recrystallized from ethanol (Pearson et al. 1979) . The absorption and c.d. data were digitized manually, and the Kuhn anisotropy (g versus A) spectra (Gillard, 1968; Addison & Dougherty, 1982) were computer-generated. Error limits on derived quantities are quoted as + o-.
RESULTS AND DISCUSSION G. dibranchiata absorption spectra and isoelectric focusing of monomeric haemoglobin components
The isolation of Hbm components was based on a previously published cation-exchange chromatographic method (Parkhurst et al., 1980) . Although the components show similar pl values (see below), the components are readily separated by cation-exchange chromatography. Our separation utilized methaemoglobin. Hbm(III)(0H2) tends to undergo autoreduction on standing, and therefore pooled monomer of G. dibranchiata was oxidized with Fe(CN)63-immediately before the chromatography on the Sephadex CM-50 column. The entire separation was performed at 4 'C and monitored continuously at 280 nm. The major fractions were quantified at three wavelengths: 280, 393 and 505 nm. The resultant ranges are reported in Table  1 . The molecular-mass homogeneity of the components was verified by passage of individual components over a (Addison & Burman, 1985) . t Kf = 4.30 (Antonini & Brunori, 1971) . 1 Kf = 4.40 (Smith & McLendon, 1980) .
calibrated Sephadex G-75 column; the molecular mass was 17 + 0.5 kDa. A Sephacryl S-200 column showed apparent cation-exchange properties with resultant abnormal molecular-mass values for Hbm and some standard proteins, and was therefore not used further. Several groups have used Roman numerals to label the fractions; however, the same numerals used by different groups do not correspond to the same protein components (Parkhurst et al., 1980; Kandler et al., 1984) . To alleviate this ambiguity, we report the components using a more recent convention (Cooke & Wright, 1985a,b) ; the components are termed HbA, HbB, HbC, HbD and HbX (see Table 1 ). The absorption spectra of aquamet derivatives of Hbm components were determined in pH 7 phosphate buffer at 20 'C. The samples were scanned from 700 to 450 nm and are here compared qualitatively. Before their absorption spectra were obtained, the individual components were oxidized with a slight excess of K3Fe(CN)6 and then chromatographed on a Sephadex G-25 gel-filtration column equilibrated with pH 7 phosphate buffer. The spectra of the aquamet derivatives of individual components are compared qualitatively in Fig. 1 and Table 2 ; the maxima for the individual components are very close or the same, and the resultant spectra appear similar. The spectra ofthe nitrosyliron(III) derivatives of the components were obtained and the resultant a/f-bands were sharp and unsplit. For the iron(III) nitrosyl a = 564 nm and , = 530 nm, and for the iron(II) nitrosyl a = 578 nm and ,l = 545 nm. The values for the iron(III) nitrosyl were tabulated incorrectly in a previous publication (Addison & Stephanos, 1986) . Splitting of the bands in Mb(III)NO has been attributed to the non-degeneracy of the eg(7T*X,y) orbitals of the porphyrin resulting from the d d non-degeneracy under the influence of the distal histidine residue (Addison & Stephanos, 1986) . Thus the Fe(III)NO spectra provide evidence for the absence of the distal histidine residue from all of the components.
The pl values from our isoelectric-focusing experiment reported in Table 1 compare well with previously reported results (Addison et al., 1980; Cooke & Wright, 1985a,b) . In our isoelectric-focusing experiments, HbA repeatedly formed a large percentage of apoprotein on the gel during focusing, as seen by the formation of a band at pl 7.7. This band was identified as apoprotein by using the criteria of a recent study (Constantinidis & Satterlee, 1987) . It is interesting that HbA should form apoprotein so readily in view of its small M value relative to HbB and HbC, where M = KCO/KO (Parkhurst et al., 1980) . Model systems reveal that AMdecreases as a function of solvent polarity because charge separation within the Fe-02 complex is stabilized by a more polar environment (Suslick et al., 1984 & Geis, 1983) . Substitution with valine removes the support that holds the haem group tilted and pushed into the pocket. Thus the substitution favours a more out-ofthe-pocket position and causes loss of haem (Fermi & Perutz, 1981) . Among the components, the Phe-CD1 (where CD1 represents position 1 on the non-helical segment between helices C and D) group moves progressively away from the haem group in the order HbC, HbB, HbA, with HbA having its Phe-CD1 furthest removed from the haem group . Azide binding Studies of' the binding of small molecules to haem proteins to elucidate the factors that govern haem reactivity have been the effort of many groups (Smith & Williams, 1968; Lampe et al., 1972; Appleby et al., 1973; Beetlestone et al., 1976; Addison & Stephanos, 1986; Rohlfs et al., 1988) . Beetlestone et al. (1976) attributed the lower azide affinity of Hbm (compared with that for a typical mammalian methaemoglobin) to the close proximity of the iron atom to an aspartic acid residue. They suggested that, upon neutralization of the positive charge of the haem iron(III) by azide, the aspartic acid residue moves to a different position with a consequent re-adjustment of other charged groups on the surface of the molecule. Since the above hypothesis involves positional differences of groups relative to the haem group, one might also observe differences in the c.d. spectra among the components if azide-binding affinities vary.
We therefore chose to examine the binding of this ligand to each component, since binding behaviour might reflect differences in haem-pocket environment. The method of calculation of the azide-binding constant (Kf) has been given elsewhere (Giacometti et al., 1981; Addison & Burman, 1985) . Kf has been shown to be a function of both the type and the concentration of buffer used (Antonini & Brunori, 1971; Seamonds et al., 1971 ; Addison & Burman, 1985) , and the binding enthalpy is quite pH-dependent (Beetlestone et al., 1976) . The binding affinities of sperm-whale and horse myoglobins were re-examined as experimental controls. 
Nitrosyl autoreduction
In addition to the above experiments to probe structure variations among the components, autoreduction kinetics were monitored (Addison & Stephanos, 1986) . This autoreduction corresponds to the reduction of nitrosyliron(III) haemoglobin to nitrosyliron(II) haemoglobin in the absence of exogenous reductants other than NO. Under pseudo-first-order conditions for the nitrosyliron(III) protein (0.1 MPa NO), all of the components show linear first-order plots over at least 3 half-lives. The value reported here for the pooled monomer (see Table  2 ) is slightly less than that originally reported, as correction has been made here for photoenhancement due to the spectrophotometer (Addison & Stephanos, 1986) . A computer-generated rate curve, with quantitative contributions from each component to the rate, gives a rate constant of 1.50 x 10-4 s-'. This value is higher than that of pooled (before CM-50 separation) Hbm and is accounted for in terms of the inherent stabilities of the components. Because HbA readily forms apoprotein under conditions where the other components are relatively stable, it is probably not quantitatively represented in the fractions collected in the cation-exchange chromatography, owing to approx. 25 % denaturation on the column. Minor streaking in between the major bands on the column is observed during the separation and may well represent this partial haem loss, since the Soret band/280 nm absorbance ratio is unusually low for the minor bands.
A positive correlation for the three major components is found between the nitrosyl autoreduction rate and the 02 off-rate (Parkhurst et al., 1980) of HbmO2. Off-rates for 02 in haem proteins have been shown to be affected by doming of the haem group and the electronic nature of the proximal Fe-imidazole bond, so that small changes in haem geometry can effect large changes in reactivity (White et al., 1979) . For Hbm, then, small differences among the components' haem environments may account for the differences in nitrosyl autoreduction kinetics. For example, one difference that has been shown involves the position of the E7 leucine residue, which in HbA is significantly closer to the haem normal , and HbA shows dramatically lower rates relative to HbB and HbC. Comparison of the three components finds that the non-polar residue is closer to the haem normal in the order HbA > HbB > HbC and may be partly responsible for generating the reverse order HbC > HbB > HbA for the rate constants.
In addition, it is well known that 02-dissociation rates in haems are sensitive to solvent polarity. The off-rate varies inversely with the solvent polarity, so that as the solvent polarity increases 02 off-rates decrease, an observation consistent with the dipolar nature of the bound 02 (Traylor et al., 1981) . Thus it is not unreasonable that nitrosyl autoreduction should also be influenced by haemsite polarity, since the iron-nitrosyl complex is polar (Addison & Stephanos, 1986) .
Fourier-transform i.r. analysis
The stretching frequency for HbmCO has been reported to be 1970 cm-' at 29°C; it was concluded that distal effects, in particular the absence of a distal histidine residue, were responsible for the unusual stretching frequency (Satterlee, 1984) . We sought to compare the value obtained for the pooled sample with that of the individual components. The pooled sample gave a value of 1966 cm-'. The major fraction, HbC, gave a value of 1967 cm-' (Fig. 2) (Fig. 4) (Seamonds et al., 1971) .
the symmetric porphyrin (see below), since the sign of the band is at issue. Fig. 4 clearly shows that all of the components generate a negative Cotton effect at 426 nm.
The g values range from -1.3 x 10' to -1.6 x 10-4.
(2) HbMTCPPFe(ll)CO. Iron was incorporated into the symmetric porphyrin and the resultant metalloporphyrin was oxidized and titrated with NaOH. The spectrum of the hydroxoiron(III) porphyrin was compared with that of the related tetraphenylporphyrin
Vol. 260 compound (Dorough et al., 1951) and found to be similar. A 3000 excess of TCPPFe(II)CO was added to the apoHbm, which was then passed over a short Sephadex G-25 column to remove any non-bound haem. The Soret c.d. and g value (-1.3 x 10-4) showed little change over several days. The striking result here is the production of a negative dichroic band seen at 428 nm (Fig. 5) the overall sign and magnitude, are a function of relative orientation and distance between the haem group and aromatic side chains (Hsu & Woody, 1971) . The similar g values of native HbmCO and HbmTCPPFe(II)CO clearly demonstrate that the chirality of the globin environment is an important factor in producing the overall negative dichroic band.
N.m.r. data for the components (Cooke & Wright, 1985a ,b, 1987 were compared with the experimentally determined values of g from our c.d. experiments (Table 3) . Previous studies of various myoglobins have suggested a relationship between the magnitude of the c.d. signal and the percentage haem disorder (Bellelli et al., 1987; Light et al., 1987) . Here we compare g values, since minor differences in absorption coefficients among the components may exist. However, from Table 3 it is not at all clear, because of the large ranges in the n.m.r. data and temperature differences among the experiments, that a correlation between the magnitudes of the g values and the percentage haem reversals among the components actually exists. The difference between correlations drawn for a species of myoglobin (Light et al., 1987) and such attempts for monomeric haemoglobin components is that the components have minor structural differences that could complicate the result. This very fact may provide the impetus for a future parallel quantitative c.d. and n.m.r. study of the components. (Cooke & Wright, 1985a ,b, 1987 (LaMar et al., 1984; Levy et al., 1985) . Upon incorporation of PPIXFe-(II)CO into apoHbC, a positive Soret c.d. signal of g = + 1. x10-is produced by the 50/50 mixture of rotational isomers. The native protein produces a Soret g value of -1.4 x 10-', with approx. 95 of the haem in the reversed form. The data of Lecomte & LaMar (1985) indicate that native horse myoglobin contains approx. 500 reversed haem and we observe a Soret value of g = + 3.8 x10, whereas a freshly reconstituted 50/50 mixture of rotational isomers produces a g value of + 1.9 x 10-'. During the prosecution of this work, Aojula et al. (1988) showed that a linear relationship exists between As and isomer composition. Adopting a viewpoint similar to that used by Hawn et al. (1979) , we might consider the chiroptical properties of the haem to arise from two sources: (i) that asymmetry associated with the haem orientation (coupling strongly with vicinal globin chromophores) and (ii) (Fig. 6) . The intensity and transition energy of the c.d. band thus produced is nearly identical with that of apoMb plus PPIXFe(II)CO. If TCPPFe(II)CO bound at a non-haem site were responsible for producing a c.d. signal, this would be evidenced by the production of a final spectrum in the PPIXFe(II)CO titration different from that of simply apoMb plus PPIXFe(II)CO.
(c) PPIXFe(II)CO has a fl-band at 530 nm (Antonini & Brunori, 1971) . Upon its incorporation into apoMb, this band shifts from 530 nm to 540 nm. Similarly, TCPPFe(II)CO has a f8-band at 536 nm, which upon incorporation into apoMb shifts to 546 nm. Fluorescence experiments 8-Anilinonaphthalene-1-sulphonic acid has been shown to bind at the haem active site in sperm-whale apomyoglobin, whereupon its fluorescence intensity increases 200-fold, and the emission maximum shifts from 515 to 454 nm (Stryer, 1965) . Thus 8-anilinonaphthalene-I -sulphonic acid is an excellent probe of active-site binding.
TCPPFe(II)CO was added in excess to apoMb, generating the c.d. signal discussed above. Upon addition of portions of 8-anilinonaphthalene-1 -sulphonic acid, the fluorescence emission intensity maximum at 460 nm increased (365 nm excitation). The 8-anilinonaphthalene-1-sulphonic acid was added until the emission intensity reached a plateau, at which point the Soret c. 
